The controlled catalytic functionalization of alkanes via the activation of C−H bonds is a significant challenge. Although C−H activation by transition metal catalysts is often suggested to operate via intermediate σ-alkane complexes, such transient species are difficult to observe due to their instability in solution. This instability may be controlled by use of solid/gas synthetic techniques that enable the isolation of single-crystals of well-defined σ-alkane complexes. Here we show that, using this unique platform, selective alkane C−H activation occurs, as probed by H/D exchange using D 2 , and that five different isotopomers/isotopologues of the σ-alkane complex result, as characterized by single-crystal neutron diffraction studies for three examples. Low-energy fluxional processes associated with the σ-alkane ligand are identified using variable-temperature X-ray diffraction, solid-state NMR spectroscopy, and periodic DFT calculations. These observations connect σ-alkane complexes with their C−H activated products, and demonstrate that alkane-ligand mobility, and selective C−H activation, are possible when these processes occur in the constrained environment of the solid-state.
■ INTRODUCTION
The controlled functionalization of alkanes via the activation of C−H bonds is of significant importance to the development of new methodologies that enable complexity to be introduced into simple fossil or bioderived natural resources or alreadysophisticated molecules. 1−7 Catalytic methodologies using transition metal fragments offer the potential to dictate selectivity and reduce energetic barriers to such processes, for example, the selective dehydrogenation of alkanes to give olefins, 8−10 the upgrading of low-value light alkanes to highermolecular weights for use as transportation fuels, 11−14 or the functionalization of alkanes to give valuable synthetic equivalents for further derivatization. 15, 16 Aside from C−H functionalizations that operate via outer sphere or radical pathways, such as carbene 17 or oxo transfer reactions, 18 these processes are proposed to proceed via direct coordination of the alkane C−H bond with the metal center, engaging in a 3-center 2-electron interaction, i.e. a σ-alkane complex. 4,19−21 From such σ-complexes flow mechanistically distinct C−H activation pathways: σ-bond metathesis, C−H oxidative cleavage, and electrophilic activation (Scheme 1). Despite the accepted role of σ-alkane complexes as intermediates in these processes, 1,4,22−24 σ-alkane complexes are difficult to observe, as, due to a combination of strong nonpolar C−H bonds and steric interactions from alkyl groups, alkanes are poor ligands, coordinating only weakly to metal centers. 1, 25 Their direct observation generally relies upon generation in solution and detection in situ using low-temperature NMR spectroscopy and time-resolved infrared spectroscopy (TR-IR); either by photogeneration of the alkane complex by loss of, for example, a CO ligand or direct protonation of an Rh−alkyl bond. 26−30 Such observations build upon earlier matrix isolation experiments. 19 Initially serendipitous single-crystal X-ray diffraction studies have shown alkane C−H bonds in close approach with metal centers (Fe 2+ , 31 U 3+ , 32 K +33 ), in which host−guest interactions with alkane ligands are suggested to play an important role. Examples where a σ-alkane complex is observed which then undergoes C−H activation are even less common. Such species have been implicated from isotope labeling experiments, 22 dynamic processes in which an alkyl hydride is in rapid equilibrium with a σ-alkane complex, 34−36 or by direct observation using TR-IR that shows they are formed and then consumed by C−H oxidative cleavage over very short, e.g. nanosecond, time scales 24 ,37−39 (Scheme 2). The ability to study the onward reactivity of well-defined σ-alkane complexes is thus limited, especially under standard laboratory conditions, but it would allow for their central role in C−H activation to be probed in detail. More common are H−H, B−H, Si−H, or intramolecular agostic C−H 20, 40, 41 activations that occur from relatively stable σ-complexes.
The instability of σ-alkane complexes can be attenuated by using single-crystal to single-crystal solid/gas 43−46 synthetic protocols; and we have recently established the utility of this approach for the synthesis of σ-alkane complexes of rhodium that can be characterized in the solid-state at, or close to, room temperature, for example [Rh(Cy 2 PCH 2 CH 2 PCy 2 )(η 2 ,η 2 -C 7 H 12 )][BAr . 47−49 We now show that by using this unique platform for the study of σ-alkane complexes, selective and reversible C−H activation at the rhodium-bound NBA alkane ligand occurs, as probed by H/D exchange using exogenous D 2 in a solid/gas reaction, thus directly connecting a very well-defined σ-alkane complex to its C−H activation products. This selectivity can be harnessed so that five different isotopomers/isotopologues of the σ-alkane complex can be formed. This stability in the solid-state of 2 (Ar atmosphere, 298 K) coupled with the liberation of free NBA on dissolution allows for the reaction chemistry with regard to C−H activation at the coordinated alkane, as probed by H/D exchange with exogenous D 2 , to be reliably studied (Scheme 4). Solid-state techniques, i.e. single-crystal neutron diffraction and solid-state NMR spectroscopy, do this directly, while solution techniques allow for the incorporated D atoms in the liberated NBA to be used as reporters in NMR spectroscopy and mass spectrometry.
Placing a single-crystalline sample of endo,exo-H 8 -2 (defined to emphasize the location of the key hydrogen positions of the NBA fragment) under an atmosphere of D 2 (g) (2 atm, 298 K, ∼10 equiv, 16 h) resulted in no change in single crystallinity, as measured by single-crystal X-ray diffraction. However, dissolution of this material in CH 2 Cl 2 and analysis by 2 H NMR spectroscopy, or vacuum transfer of the NBA prior to analysis by 1 H NMR spectroscopy (CD 2 Cl 2 ) and gas chromatography− mass spectrometry (GC-MS), revealed that a selective C−H activation process, that is H/D exchange, at the σ-bound NBA Figure S8 ). In the 2 H NMR spectrum of the sample of dissolved endo,exo-H 8 -2 exposed to D 2 (g) in the solid-state a single D-environment is observed at δ 1.46 with no signal at δ ∼ 1.16 (detection limit ∼5% (Scheme 5b)). In the 1 H NMR spectrum, the corresponding resonance at δ 1.47 assigned to the exo-protons disappears. A GC-MS spectrum of the liberated NBA shows the parent ion at m/z = 100.1176 (calcd = 100.1190) with a fragmentation pattern very similar to NBA, albeit modified by 2 H incorporation, and a molecular weight consistent with the substitution of four hydrogen atoms with deuterium. Combined, these data suggest selective C−H activation in endo,exo-H 8 -2, via H/D exchange, at the exo- Unambiguous determination of hydrogen and deuterium positions in the intact σ-alkane complex comes from singlecrystal neutron diffraction of exo-D 4 -2 and, in particular, the very different scattering lengths, −3.7423(12) vs +6.6749 (6) fm, of H and D, respectively (Scheme 6a). Single crystals (0.5 × 0.5 × 0.5 mm) were analyzed using Laue neutron diffraction at 150 K. A starting model based upon previously reported endo,exo-H 8 -2 derived from X-ray diffraction was used for the structural refinement. 48 There was essentially no change in unit cell or space group on addition of D 2 to endo,exo-H 8 -2 [P2 1 /n, V = 6691.62 (9), cf. 6695.46(7) Å 3 ] as determined by singlecrystal X-ray diffraction. For the neutron-diffraction refinement, although restraints were applied to the remote phosphine substituents, the NBA fragment was freely and isotropically refined including all the hydrogen sites associated with the alkane fragment. Initial refinement using all 1 H scattering factors yielded a poor fit to the data and an unstable refinement [R = 24.0%], which was improved substantially by replacement of all four exo-hydrogens with deuterium [R = 15.2%]. Replacement of all the endo-and exo-hydrogens, or just the endo-hydrogens, with deuterium, resulted in a poor fit to the data and an unstable refinement [R = 26.6% and 30.2%, respectively]. Setting occupancies of endo-and exo-positions to zero and inspection of the difference Fourier map showed significant regions of positive density, i.e. deuterium, in the four exo-positions and significant regions of negative density in the four endo-positions, i.e. hydrogen, as shown in Scheme 6a. Due to the large unit cell, which is approaching the practical application limit of the KOALA Laue neutron diffractometer (see Supporting Information), 55 and the relatively low data:parameter ratio, which is diminished by the required modeling of the large disordered [BAr 
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− anion, we note only that the key structural metrics for the C−H bonds follow the typical trend 56 of being rather longer than those reported from X-ray data [e.g., C2−H21 = 1.18(5), C2−D22 = 1.03(3) Å, neutron; cf. 0.99(4), 0.97(4) Å, X-ray]. The data clearly yield an unambiguous determination of the locations occupied by hydrogen and deuterium, confirming the selectivity for C−H activation. Crucially, this selectivity is confirmed and quantified by the complementary techniques of solution NMR spectroscopy and GC-MS, that demonstrate that the isotopologue exo-D 4 -2 is formed selectivity upon H/D exchange with endo,exo-H 8 -2. Thus, all four exo-C-H positions in the starting NBA complex have undergone H/D exchange, leaving the endo-C-H hydrogens that are coordinated through 3-center 2-electron σ-interactions with the rhodium center unmodified. The selective activation of these remote C−H positions was unexpected. Intramolecular C−H activation in organometallic complexes in the solid−state has been reported before, but not in singlecrystal to single-crystal transformations. 43 67 H/D exchange in the alkyl phosphine occurs at the position that would be expected to directly engage in an (unobserved) agostic Ru···H−C interaction prior to C−H cleavage, i.e. the C−H groups that are directed toward the metal center. The only neutron diffraction study on σ-alkane interactions comes from very low-temperature (less than 10 K) powder diffraction studies on metal− organic frameworks with unsaturated metal sites (e.g., Fe, 68 Co, 69 49 /NBA, as expected given that we have shown that NBA does not bind with the metal fragment in solution, even at very low temperatures. 48 An independent synthesis of this putative exo-NBE complex 5 (see Supporting Information for details and single-crystal Xray structure) reveals the expected 47, 72 NBE coordination mode, via the alkene and Rh···H−C (7) That ∼95% selectivity is observed for the addition of D 2 to 1 argues against 5 being a significant intermediate en route to 2. Addition of H 2 to single crystals of 5 resulted in a singlecrystals to single-crystal transformation to give endo,exo-H 8 -2, which was analyzed using single-crystal X-ray diffraction. Although the quality of the data was poorer than when synthesized from 1, the connectivity of the resulting σ-alkane complex was confirmed. Interestingly, the structure of 5 as determined by single-crystal X-ray diffraction shows that the NBE ligand is disordered in the solid-state between two chemically equivalent, but crystallographically distinct, orientations of the NBE ligand in which the alkene and agostic Rh··· H−C interactions are swapped. The disorder is modeled by a 1:3 relative population. As the 31 
P{
1 H} SSNMR spectrum (298 K) of 5 shows signals assigned to both these components, this suggests that if there is a fluxional process occurring it must be slow relative to the NMR timescale at 298 K, and thus has an appreciable barrier.
The availability of endo-D 4 -2 allows for the synthesis of the isotopologue endo,exo- These results demonstrate that in every case C−H (or C−D) activation occurs selectively at the remote exo-C−H (C−D) position of the bound methylene unit of the NBA even though it is the endo-C-H groups that partake in the σ-interaction with rhodium. To the detection limit of NMR spectroscopy, C−H activation at the bridge (C7) or bridgehead (C3/C6) positions, the phosphine ligand, or the [BAr − anion does not occur, as measured in solution of the resulting free NBA and the zwitterion 4. Furthermore, all four exo-positions on the NBA undergo C−H activation, even though the ground-state structure determined by single-crystal diffraction shows that only one pair (i.e., that associated with C1 and C2, Scheme 6a) are bound with the metal center. This suggests fluxional processes are occurring in the solid-state at 298 K 75 that make all the exo positions accessible for C−H activation.
Fluxional Processes in the Solid−State. Assuming a Rh(I) manifold, four possible fluxional processes for the NBA ligand are outlined in Scheme 9: pivot, C 2 -rotation, rock, and tumble. The C 2 -rotation is degenerate and, thus, invisible to diffraction techniques, as has been noted previously for fluxional processes occurring in the solid-state for metallocene-type complexes. 76 In contrast, pivot, rock, and tumble would imply the observation of disorder in the single-crystal structures, if these processes led to an appreciable population of an alternative isomer. 77, 78 That such isomers do not contribute significantly to the ground state structure even at higher temperatures is demonstrated by a single-crystal X-ray structure of endo,exo-H 8 -2 determined at 290 K (Figure 1a ) that showed no disorder within the cation; the C−C and Rh···C distances remained unchanged within error compared to the previously reported structure determined at 150 K. 48 These fluxional processes have also been probed by variabletemperature solid-state NMR experiments (SSNMR). For three of these processespivot, rock, or tumblethe CH 2 protons associated with the bridge methylene (C7) would remain inequivalent, whereas a C 2 -rotation would make them equivalent if faster than the NMR time scale. A frequencyswitched Lee−Goldburg (FSLG) Figure 1 ) and thus experiences a ring current, as we have previously noted. 48 It is now apparent that this single 1 H environment observed at 294 K is due to a C 2 -rotation exchange process in the solid-state that is fast on the NMR time scale at this temperature and makes the crystallographically distinct H71 and H72 equivalent [one sits pointing into the aryl-cleft (H72) while one is orientated to one side]. Progressive cooling of the sample to 158 K results in this signal splitting into two environments in the 79,80 Importantly, these observed parameters also fit very well with those calculated using the GIPAW method (Figure 2c ). Increasing the temperature to 298 K results in a change of line shape consistent with the onset of mobility. This is strongly supported by a spectrum measured at 218 K, where almost no signal is observable, most probably due to very short T 2 relaxation in this temperature region. All four fluxional processes have been modeled in the solidstate using periodic DFT calculations at the PBE-D3 level. As found previously, 49 geometry optimization with this approach provides good agreement with experiment, and this is also the case for 2 (see Table S2 , Supporting Information, and Figure  S47 for an overlay of experimental and computed structures). Of the four possible pathways, the C 2 -rotation (Scheme 10) proved most accessible with an overall barrier of 9.5 kcal/mol, in very good agreement with the barrier estimated from SSNMR spectroscopy (9 kcal/mol). This process involves an intermediate, 2 rot , at +5.2 kcal/mol that features an η 2 : η 2 -NBA ligand bound through the H21−C2 and H41−C4 bonds with Rh···H21 and Rh···H41 distances of 1.91 and 1.92 Å, respectively (see Scheme 10c−f for the computed structures). Relative to 2, the NBA ligand in 2 rot has rotated by 74°, as quantified by ϕ, the angle between the {H71C7H72} and {P1RhP2} planes. 2 rot is accessed via TS rot-1 (ϕ = 50.9°), in which some weakening of the initial Rh···H21 interaction is compensated by shortening of both the Rh···H41 and Rh···H51 distances. C 2 -rotation is completed via TS rot-2 (ϕ = −27.4°), which features three Rh···H contacts below 2.25 Å. The different structures of TS rot-1 and TS rot-2 reflect the anisotropy of the cavity within which the C 2 -rotation is proceeding, and their degeneracy is purely coincidental. These different structures also reflect the flexibility of the Rh-NBA interaction within the cavity. Following TS rot-2 regenerates 2, thus completing the degenerate C 2 -rotation process.
Details of the pivot and rock processes are given in Scheme 11. These involve a single step, with barriers of 11.1 and 13.9 kcal/mol, respectively, and the transition states both exhibit four Rh···H−C close contacts, either through the endo−C-H bonds (TS pivot , Rh···H−C: 2.14 Å − 2.36 Å) or via a bis- :η 2 endo-bound 2 pivot (Rh···H41 = 1.88 Å; Rh···H51 = 1.89 Å). Significantly, the molecular cation in 2 pivot is structurally equivalent to that in 2, but 2 pivot is destabilized by 9.2 kcal/mol due to the now unfavorable position of the NBA ligand within the cavity. TS rock leads to η 2 :η 2 exo-bound 2 rock-1 at +9.7 kcal/mol with Rh···H12 = 1.82 Å and Rh···H22 = 1.85 Å.
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In contrast to the other processes, the NBA tumble starts from intermediate 2 rock-1 , and from here it can proceed with either a clockwise (viewed from Rh) or an anticlockwise motion of the NBA. The lower energy clockwise rotation (Scheme 11b) produces a new η 2 :η 2 isomer, 2 tumble-1 , at +6.6 kcal/mol, in which the NBA is bound through the exo-H22-C and H71-C from the bridging methylene group (see also Scheme 11d). Movement of Rh from H22 to H21 via TS wag produces 2 tumble-2 at +7.8 kcal/mol (Scheme 11e), from which a further clockwise tumble generates η 2 :η 2 exo-bound 2 rock-2 (+3.5 kcal/mol).
Schemes 10 and 11 show that several isomers of 2 can be accessed via nondegenerate rearrangement of the NBA ligand within the cavity. However, none of these are sufficiently stable to be observed, for instance via the manifestation of disorder in the crystal structure of 2. The degenerate C 2 -rotation is the most accessible fluxional process, and it is the slowing of this rearrangement that accounts for the nonequivalence of H71/ H72 at low temperature. At room temperature the exo-bound isomers (2 rock-1 and 2 rock-2 as well as 2 tumble-1 and 2 tumble-2 ) will be kinetically accessible, and any one of these could provide a starting point for the exo-selective C−H activation process. The extended crystal environment is crucial in determining the energetics of these various species. This is underlined upon recomputing the equivalent minima as isolated cations, in which form they all lie within 5.2 kcal/mol of each other; indeed, with this model 2 pivot actually lies slightly below 2 (see Supporting Information). Variations in the precise environment provided by the solid-state are also a key factor; for example, for 3 (the i Bu analogue of 2) the alternative η 2 :η 2 endo-bound form 3 pivot lies only 1.7 kcal/mol above the ground state. In this case, the experimentally determined crystal structure does indeed show disorder, with NBA components equivalent to those in 3 and 3 pivot . 26 These fluxional processes, characterized here in the solid-state, are directly analogous to chain-walking events, 28 ,42,52,83 and selective binding of axial C−H bonds over equatorial C−H bonds, 84 as observed using NMR spectroscopy at low-temperature in solution for transient σ-alkane complexes. Such processes generally have barriers estimated to be between 5 and 12 kcal/mol. We have recently remarked upon similar barriers for the proposed chain walking of a σ-bound pentane ligand in the solid-state.
49
Comments on the Mechanism of C−H Activation. This selectivity for C−H activation at the exo-position is unexpected and remarkable, and experiment and computation provide insight into the likely palette of mechanistic pathways. That the exo-C−H positions are selectively activated even though the ground state-structure shows endo-C−H coordination points to Curtin−Hammett conditions for productive C−H activation. Furthermore, H/D scrambling between exo and endo sites does not occur, as no mixed endo/exo isotopomers are observed. This excludes intramolecular H/D exchange processes 23 and mechanisms involving double C−H activation at one carbon, i.e. via a carbene dihydride.
2 H/D exchange also occurs in the dark, excluding a photochemical mechanism. Rh-hydride (deuteride)-containing intermediates are indirectly signaled by the observation of HD [δ 4.57, 1:1:1 triplet, J(HD) = 42 Hz] in the NMR spectrum of dissolved headspace when single-crystals of endo,exo-D 8 -2 are exposed to H 2 (g) to form endo-D 4 -2 (Scheme 12a). Such intermediates could arise from exo C−H oxidative cleavage of the bound NBA in the starting complex, e.g. endo,exo-H 8 -2 (A, Scheme 12b), to give a norbornylhydride intermediate C (stepwise C−H activation), or oxidative cleavage followed by β-hydrogen transfer to give dihydride B (dehydrogenation). 52 After exchange with D 2 20,85 these collapse back to give partially deuterated σ-alkane complexes E and D.
Under an excess of D 2 , and assuming similar barriers to C−H activation for all the exo-CH bonds rendered accessible by the C 2 -rotation and rock/tumble fluxional processes, D and E would then proceed to give the final product, i.e., exo-D 4 -2. Intermediate B could be formulated as a dihydrogen tautomer, but arguing against this is the observation of the D 3 20 Computational studies to provide a full exploration of these mechanistic possibilities in the solid-state are currently underway.
■ CONCLUSIONS
We have shown that by using the platform of solid/gas singlecrystal to single-crystal transformations, alkane C−H activation at a well-defined σ-alkane complex can occur, as probed by H/ D exchange using D 2 . These observations not only connect σ-alkane complexes with their C−H activated products but also demonstrate that alkane-ligand mobility, and selective C−H activation, are possible when these processes occur in the constrained environment of the solid-state. Although the precise mechanism for C−H activation is yet to be determined, it is likely that the solid-state environment enables the high levels of selectivity observed for C−H activation. This encourages the further development of solid/gas organometallic techniques for the selective and catalytic functionalization of alkanes using well-defined organometallic complexes, and it will be interesting to explore whether a σ-alkane complex, such as 2, acts as precatalyst for such processes.
■ EXPERIMENTAL SECTION
Synthesis of exo-D 4 -2. A crystalline sample of 1 48 (ca. 20 mg) was loaded into a J. Youngs flask in an argon-filled glovebox. Subsequently, the flask was placed under H 2 gas (2 atm) to form endo,exo-H 8 -2 (not isolated). The reaction was left for 15 min before the H 2 gas was removed by exposure to vacuum (less than 1 × 10 −2 mbar) and Journal of the American Chemical Society Laue Neutron Diffraction Data Collection and Reduction. The Laue single-crystal neutron diffraction studies reported were each undertaken using the KOALA instrument standing at the end guide position of TG3. 55 An unmonochromated thermal neutron beam produced from the OPAL reactor at the Australian Nuclear Science and Technology Organization was incident on a crystal mounted to the φ axis of the instrument, and the diffraction patterns were recorded on neutron sensitized "Niimura special" image plates mounted to the fixed radius cylindrical detector drum. All samples were handled immersed in argon to ensure compound stability while the crystal was transferred to the cold nitrogen stream of an Oxford Cryosystems COBRA cryostream. Details of the individual data collection and reduction procedures are provided in the relevant CIFs and Supporting Information. All crystals are monoclinic, and data from two separate orientations of the unit cell with respect to the phi axis of the instrument were recorded to ensure full coverage of the unique fraction of reciprocal space.
Solid-State 2 H MAS NMR Spectroscopy. All 2 H solid-state MAS experiments were performed on a Bruker AVANCE III 400 DNP spectrometer which is equipped with a low-temperature MAS unit and a three channel H/X/Y probe. 2 H was measured at 9.4 T, corresponding to a frequency of 61.41 MHz. Spectra were recorded at 8 kHz spinning at nominally 110 K. All spectra were referenced to TSP (trimethylsilyl propionate, 0 ppm) measured at RT. Single pulse experiments were performed employing a 90°excitation pulse of 3.5 μs and a repetition delay of d1 = 0.5 s to d1 = 100 s.
Periodic DFT Calculations. Periodic electronic structure geometry optimizations were carried out at the PBE-D3 level of theory, employing the Gaussian plane wave (GPW) formalism as implemented in the QUICKSTEP module within the CP2K program suite (Version 2.7). NMR parameters were modeled using the GIPAW method as implemented in CASTEP 8.0. See Supporting Information for full details and references.
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